We describe a bacterium which demethoxylates 0-methoxylated aromatic acids to give mixed volatile fatty acids. The cell wall composition and deoxyribonucleic acid-deoxyribonucleic acid homology data allow the organism to be included within the genus Eubacterium. Although the guanine-plus-cytosine content (47 mol%) is the same as that for Eubacterium limosum and the morphologies of the two organisms are similar, the new isolate differs in that it cannot utilize H,-CO,, methanol, or other one-carbon compounds or the amino acid isoleucine as growth substrates and in defined media requires acetate as a growth factor. The new species is named Eubacterium callanden'; the type strain is strain FD (= DSM 3662).
Recently, we described an anaerobic nonmotile rodshaped bacterium, strain FDT (T = type strain), which cleaves the phenylether bonds of methoxylated aromatic acids (26) . Unlike several other recently reported isolates which produce a single fatty acid (acetate or butyrate) plus the corresponding hydroxyaromatic acid from the demethoxylation process (2, 8, 21, 22) , or a transformed aromatic derivative and no fatty acid (14, 15) , strain FDT produced a mixture of acetate, butyrate, and formate from the aromatic methoxyl group. This fermentation was not unlike that of Eubacteriurn limosum or the closely related organism "Butyribacteriurn rnethylotrophicurn," which utilizes methanol (11, 30) . In contrast to other isolates (2, 21, 22) , strain FDT was unable to reduce the side chain double bond of phenylacrylate derivatives.
Strain FDT appeared to share some morphological and physiological similarities with Acetobacterium woodii and even more with E. limosum (26) and in this paper is further compared with strains of these two organisms. The differences are used as a basis for naming a new species.
MATERIALS AND METHODS
Bacterial strains. Strain FDT was isolated from an anaerobic digestor supplemented with contents from a wood fiber-to-alcohol fermentation plant and was maintained in our laboratory and in the Deutsche Sammlung von Mikroorganismen culture collection (strain DSM 3662T). E. limosum RF was kindly provided by M. P. Bryant, Department of Dairy Science, University of Illinois, and A. woodii ATCC 29683 was obtained from the laboratory of R. S. Wolfe, University of Illinois.
Media and conditions of cultivation. The anaerobic techniques employed for the preparation and use of media were based on those of Hungate (19) , as modified by Bryant (6) and Balch and Wolfe (5) . The basal medium contained 5% (vol/vol) rumen fluid, minerals, B vitamins, 2% (vollvol) reducing solution (1.25% Na2S . 9H20, 1.25% cysteine hydrochloride), and 7% (voVvo1) solution of 5% NaHCO,; the gas phase was 80% N2-20% CO,, and the final pH was 7.2 (26) . The defined medium was the same as the basal medium except that rumen fluid was omitted. Liquid media were prepared as previously described (26) and were dispensed in 10-ml amounts into culture tubes (18 by 150 mm). For * Corresponding author.
~~ ~ large-scale growth requirements basal medium was prepared in 2-or 6-liter quantities and contained 15 mM glucose. Substrates were prepared in concentrated solutions and were sterilized prior to addition to media. Stock cultures of strain FDT and of the reference strains were maintained in agar slants containing basal medium and 10 mM sodium ferulate or 10 mM glucose and were transferred each month. For deoxyribonucleic acid (DNA) hybridization studies cultures were grown on Amersham Hybond nylon membrane disks supported on anaerobic glucose agar plates under an atmosphere containing 80% N, and 20%
Cultures were grown at 37"C, with the exception of A. woodii (30°C). Tubes or vessels containing liquid media supplemented with nongaseous substrates were incubated in a vertical position without shaking after receiving a 2% inoculum of a fully grown glucose culture.
Substrate tests. Tests for the utilization of compounds as growth substrates were based on tests described previously (26) . Utilization of H,-CO, was tested by shaking cultures in tubes containing basal medium supplemented with 14% (vol/vol) solution of 5% NaHCO, and an 80% H2-20% CO, gas phase initially at 202.6 kPa. To test for CO utilization, the same medium containing 40% C02-60% N, (101 kPa) received 100% CO to give a final pressure of 202.2 kPa. Nongaseous substrates were prepared in concentrated solutions, filter sterilized or autoclaved and dispensed into media at the concentrations indicated below. Growth was determined by measuring optical density at 600 nm.
Preparation and analysis of cell walls. Cell walls were prepared by breaking cells with Ballotini beads in a Braun MSK cell disintegrator, followed by an exhaustive washing procedure (12) . Autolytic enzymes were inactivated by heating the aqueous suspensions of walls at 100°C for 20 min. Walls were purified of residual cytoplasmic protein by incubating preparations with 50 pg of Streptornyces griseus protease (pronase; Sigma Chemical Co.) per ml in 0.05 M phosphate buffer (pH 7.3) at 30°C for 48 h. Microbial contamination was prevented by adding toluene. Purified walls were washed with distilled water three times and then freeze-dried. Peptidoglycan was prepared from whole bacteria by a modification of the procedure of Doyle et al. (7) in which the cells were extracted with 10% (wt/vol) trichloroacetic acid for 20 min at lOO"C, washed twice, and then treated with pronase as described above.
For analysis of cell wall or peptidoglycan components, (27) , and (iii) in 2 M HCl at 100°C for 3 h (neutral sugars and phosphates). All hydrolyses were carried out in sealed tubes under N,, and deacidification was achieved by repeated evaporation to dryness. Amino acids in wall or peptidoglycan hydrolysates were identified by two-dimensional paper chromatography in the following solvents: butan-1-01-glacial acetic acid-water (3: 1: 1, vol/vol) (solvent A) and methanol-pyridine-12 M HC1-water (32:4:1:7, vol/vol) (solvent B) (27) . Identifications were confirmed by determining migration in solvent C (butan-1-01-pyridine-glacial acetic acid-water, 60:40:3:30, vol/ vol). Neutral sugars and hexosamines were identified by chromatography of appropriate hydrolysates, using solvents D (ethyl acetate-pyridine-water, 8:2: 1, vol/vol), A, and C. Amino acids and hexosamines were detected with ninhydrin (0.2% [wt/vol] in acetone), neutral sugars were detected with silver nitrate (29) , phosphates were detected with perchloric acid-molybdate spray (17) , and polyols were detected with the periodate-Schiff reagents (3).
Amino acids and galactosamine were determined as previously described (13); spots on paper chromatograms stained with cadmium acetate-ninhydrin reagent (18) were cut out, eluted with methanol, and measured colorimetrically at 500 nm.
DNA extraction. To determine the guanine-plus-cytosine (G+C) content of DNA and to prepare 32P-labeled probes for DNA-DNA homology studies, DNAs were extracted from strain FDT, E . limosum, and A . woodii. Extraction was carried out by using the method of Maniatis et al. (23) after washed cells from fully grown 2-liter cultures were disrupted with Ballotini beads in a Braun MSK cell disintegrater.
G+C content. The G+C content of DNA from strain FDT was determined by K. W. Schleifer (Institute of BotanyIMicrobiology, Munich, Federal Republic of Germany).
DNA-DNA homology. DNAs from colonies of strain FDT, E. limosum, and A . woodii on nylon membrane disks were hybridized with 32P-labeled probes prepared from DNAs isolated from the same organisms. The technique was based on previously described methods (1, 23) for nick translation and colony hybridization but with the following modifications: (i) nick translation preparations were prepared by using a nick translation kit (Bethesda Research Laboratories, Inc.); (ii) DNA was bound to nylon membranes for 5 min by using an ultraviolet transilluminator (wavelength, 305 nm); (iii) prehybridization was carried out at 65°C for 2 h without formamide, followed by hybridization overnight; and (iv) filters were washed twice with 0.15 M sodium chloride-0.015 M sodium citrate buffer (SSC) (pH 7.0) containing 0.1% sodium dodecyl sulfate at room temperature and once with 0.1% SSC-0.1% sodium dodecyl sulfate at 65°C for 15 min. Membranes were dried and autoradiographed for 48 h at -70°C.
Electron microscopy. Cells were prepared for electron microscopy by fixation in glutaraldehyde-formaldehyde in 0.1 M phosphate buffer (pH 7.2) and then in 1% osmium tetroxide. After repeated buffer washes followed by dehydration in acetone, cells were infiltrated and embedded in Polarbed 812 resin. Sections were cut with a DuPont diamond knife and a LKB ultramicrotome, stained with uranyl acetate and lead citrate, and observed with a Philips model 201C transmission electron microscope. 
RESULTS AND DISCUSSION
Strain FDT demethoxylates aromatic acids according to 20(-O-CH3) + 10HC0,--+ 20(-OH) + the following equation (26):
This fermentation is not unlike that for E. limosum or "B. methylotrophicum" utilizing methanol (9, 30), in which acetate and butyrate but not formate is produced. However, it differs from the homoacetic fermentation of methanol and aromatic methoxyl groups characteristic of organisms such as A . woodii (4) . Unlike E. limosum or A . woodii, strain FDT was unable to grow on simple one-carbon substrates (Table l) , and the utilization of glucose and methoxylated aromatic compounds by this organism (26; this paper) indicates a preference for more complex substrates. Growth of E. limosum and A . woodii on one-carbon compounds has also been reported previously (3, 9-11).
Valine, isoleucine, and esculin (10 mM each) were also tested as energy substrates for strain FDT. Of these, only valine supported growth, giving an optical density at 600 nm of 0.35 after 7 days. Other substrates which have been tested previously and have been found not to support growth include benzoate, p-hydroxybenzoate, butyrate, phenol, cellobiose, cellulose, maltose, xylose, mannose, lactose, galactose, gallate, protocatechuate, and caffeate (26) .
Omission of rumen fluid from culture media resulted in virtually no growth of strain FDT on glucose, but growth could be totally restored by adding sodium acetate at a concentration of 0.2% (Fig. I) . No growth occurred in acetate-supplemented media in the absence of glucose. In contrast to strain F D~, E . limosum grew well on glucose in defined media receiving no acetate supplement. Our results indicate that strain FDT but not E. limosum had a requirement for acetate as a growth factor for growth on glucose.
Electron microscopy of strain FDT revealed the presence of opaque bodies, possibly poly-P-hydroxybutyrate, and a multilayered cell wall structure (Fig. 2) with some resemblance to that shown in previously published electron micrographs of A . woodii (24) and " B . methylotrophicum" (30) ; the latter organism is closely related to E. limosum. Therefore, the cell wall compositions of strain FDT, E . limosum, and A . woodii were investigated.
Consistent with the B-2a type of peptidoglycan composition of Butyribacterium rettgeri (synonym, E . limosum) (28), On the cell walls of strain FDT and the authentic E . limosum strain contained the peptidoglycan components muramic acid, glucosamine, alanine, glutamic acid, lysine, ornithine, and serine. Diaminopimelic acid was not present in the cell walls of either strain FDT or E. limosum. The cell wall composition of A . woodii was found to be similar, except that lysine was absent, confirming the previous results of Kandler and Schoberth (20) . The amino acid compositiqn of strain FDT peptidoglycan is compared with that of E. limosum in Table 2 . Our results show very little difference in the experimental values determined for the two organisms. The slightly lower values obtained by previous workers for E. limosum (16, 25) presumably reflect the different method of extraction of cell walls. Other amino acids, amounting to about 10% of the amount of glutamic acid, were also present in peptidoglycan preparations, presumably resulting from incomplete removal of protein material (28). Apart from peptidoglycan, the walls of strain FDT and E . limosum contained large amounts of galactosamine (>0.3 pmoVmg), which was not present in A . woodii walls. All three bacteria contained galactose, glucose, rhamnose, and phosphate in their walls, suggesting the presence of polysaccharide or teichoic acids or both, although neither glycerol nor ribitol was detected in wall hydrolysates.
Likewise, the G+C content of DNA from strain FDT (47 mol%, thermal denaturation method) was similar to that of E. limosum (49 mol% as determined by the buoyant density method or 47 mol% as determined by the thermal denaturation method [ll]) but significantly higher than the value of 39 mol% reported for A . woodii (4). It is of interest that the acidogenic anaerobe "B. methylotruphicum" isolated by Zeikus et al. (30) has a G+C content similar to that of Eubacterium, and it has recently been suggested that this organism may in fact be E. limosum (11) .
DNA-DNA homology studies in which a three-way comparison procedure was used (Fig. 3) indicated that there was considerable homology between the DNAs of strain FDT and E. limosum but no detectable homology between the DNA of A . woudii and that of strain FDT or E. limosum. The similarity in DNA base composition between strain FDT and E . limosum, together with the DNA-DNA homology results and data on cell wall composition, is sufficient to justify inclusion of strain FDT within the genus Eubacterium. This organism does not appear to be closely related to A . woodii. Unlike E . limosum, strain FDT was unable to utilize simple one-carbon substrates or isoleucine for growth and in defined medium required acetate for growth on glucose. These differences, together with the observation that formate (apart from acetate and butyrate) is produced during fermentation of glucose or the methoxyl group of aromatic compounds (26), indicate that strain FDT is not E. limosum, and therefore we propose a new species, which is described below. Eubacterium callanderi sp. nov. Eubacterium callanderi (call.and'er. i. L.gen.n. callanderi, named in honor of John Callander for his pioneering work on anaerobic digestion of wood based materials) is obligately anaerobic, and cells are nonmotile, nonsporulating rods (0.9 pm wide and 1.5 to 3.0 pm long) which are gram positive in young cultures. Cell walls contain the peptidoglycan components muramic acid, glucosamine, lysine, ornithine, serine, glutamic acid, and alanine, but diaminopimelic acid is not present.
The organism cleaves the phenylether bonds of the methoxylated aromatic substrates ferulate, sinapate, syringate, vanillate, 3,4,5-trimethoxycinnamate, and vanillin to give the corresponding hydroxyaromatic derivatives and acetate , butyrate, and formate (26). In addition, lactate and H, are produced from the fermentation of glucose. No reduction of 302-or NO,-occurs during fermentation of glucose or methoxylated aromatic compounds (26). Methanol, H,-CO,, formate, carbon monoxide, and isoleucine are not utilized for growth.
The best conditions for growth are in basal medium supplemented with 5% rumen fluid. No growth occurs on glucose in defined medium (rumen fluid absent) unless acetate is present.
The pH range for growth is 6.0 to at least 8.5, and the pH optimum is 7.0 (26).
The temperature range for growth is 25 to 43"C, and the optimum temperature is 37°C (26).
The DNA base ratio is 47 mol% G+C (thermal denaturation method).
The type strain is strain FD (= DSM 3662). The organism was isolated from an anaerobic digestor receiving contents from a wood fiber-to-alcohol fermentation plant.
